We investigated the extent of osmotic adjustment and changes in transpiration rate that occur in response to repeated cycles of water deficit stress in 6-year-old Thuja occidentalis L. (eastern white cedar) trees. Groups of trees were water-stress conditioned by repeated exposure to predetermined thresholds of nonlethal water stress by withholding water until the predawn water potential fell to −0.9 (mild conditioning) or −1.4 MPa (moderate conditioning).
Introduction
Thuja occidentalis L., commonly known as eastern white cedar, exhibits a broad tolerance to water availability. Naturally occurring stands of T. occidentalis are found in habitats ranging from dry, rocky upland sites to wet, swampy lowland sites. Early investigators (Habeck 1958 , Musselman et al. 1975 attributed T. occidentalis' broad range of tolerance to natural selection or ecotypic differentiation. However, Matthes-Sears and Larson (1990 Larson ( , 1991 could not detect any significant genotypic differences between T. occidentalis trees originating from wet and dry sites on the Niagara Escarpment, located in southern Ontario, and concluded that physiological (biotic variables) rather than genetic influences accounted for the species' broad tolerance to water availability.
There is evidence that T. occidentalis exhibits osmotic adjustment in response to water deficits (Collier and Boyer 1989) . Osmotic adjustment (lowering of the osmotic potential caused by the net accumulation of solutes within the plant cells in response to water deficit) is a common response to water deficits in some herbaceous and woody plant species (Hinckley et al. 1980 , Turner and Jones 1980 , Abrams 1988 . However, water stress can also be ameliorated by modification of stomatal functioning (Kramer 1983) .
We have examined the extent of osmotic adjustment and changes in transpiration rate (inferring stomatal behavior) that occurred during exposure to repeated nonlethal water deficit stress by integrating continuous measurements of water potential and transpiration, respectively (Myers 1988 , Beeson 1992 . Because preliminary work (Edwards 1993) indicated that changes in stomatal function may be induced by predawn water potentials slightly below −1.0 MPa, we chose to withhold water from trees to predawn water potential thresholds of −0.9 and −1.4 MPa. Repeated nonlethal water deficit stress (also called conditioning) was the chosen method because it is representative of the drought pattern that occurs under field conditions (Parker and Pallardy 1988) . Furthermore, conditioning improves plant tolerance to subsequent stress (Clemens and Jones 1978, Kramer 1983) , although the physiological mechanisms involved are poorly understood (Buxton et al. 1985) .
Materials and methods
In May 1992, 6-year-old Thuja occidentalis cv Emerald trees were obtained from Connon Nurseries, AVK Holdings, Rockton, Ontario. The trees had been clonally propagated by cuttings taken from an array of stock plants also located at the nursery. Twenty trees were selected for uniformity and a basal stem diameter of ≥ 1 cm. The trees were potted in 6-l pots containing a 70/15/15 (v/v) mix of peat/perlite/vermiculite and placed in a controlled environment greenhouse compartment located at the Department of Horticultural Science, University of Guelph, Guelph, Ontario. The trees were arranged on two benches in a completely randomized design. Five trees were allocated to each of four treatment groups. Two groups were watered every 2 to 3 days and served as the well-watered controls, one group (mild conditioning treatment) was watered when the mean predawn water potential fell to −0.9 MPa, and one group (moderate conditioning treatment) was watered when the mean predawn water potential fell to −1.4 MPa. The two control groups were designated as a control for either the mild or moderate conditioning treatment. The control groups were treated identically except that they were sampled for leaf osmotic potential and relative water content at different times, corresponding to when the designated conditioning treatment was sampled.
The experiment began on August 7, 1993 (Day 220) when all trees were watered and fertilized and initial measurements of osmotic potential and relative water content taken. The trees in the conditioning treatments were not watered again until their mean predawn water potentials fell to their assigned threshold values (−0.90 or −1.4 MPa). Each time the water stress thresholds were reached, the stress cycle was ended by watering the treated trees and the corresponding control trees at 1800 h. This procedure was repeated five times for mildly conditioned trees (average duration of 6.4 days) and four times for moderately conditioned trees (average duration 9 days). Trees were fertilized after every other stress cycle. No nutritional or pest problems were detected.
To minimize evaporation of water from the rooting medium, the top of each pot was covered with two layers of white plastic film. The watering procedure entailed placing the potted trees in large shallow flats (0.25 × 0.50 × 0.065 m deep) filled with either deionized water or nutrient solution (250 ppm of 20-20-20 N,P,K). The liquid was replenished as required. After 2 h, 1 liter of water was added to each flat. This procedure insured a thorough rehydration of the potting medium. Finally, the trees were removed from the flats of water and allowed to drain for 30 min, and then weighed.
Total water potential
In situ stem psychrometers (PWS Instruments Inc., Guelph, Ontario) were installed on all trees to measure total stem water potential at 15-min intervals. Psychrometers were installed approximately 10 cm above the root--shoot junction and below all foliage (Dixon and Tyree 1984) . Water potential integrals (WPI, MPa h) were calculated (WPI = water potential (MPa) × 0.25 (h)) and summed for a day (0 to 24 h) or stress cycle.
Automated psychrometer measurements of predawn water potential (Ψ pd ) were periodically confirmed with a pressure chamber (Soilmoisture Equipment Corporation, Santa Barbara, California). In most cases the psychrometer measurements were within 0.1 MPa of the pressure chamber measurements.
Osmotic potential and relative water content
At the end of each stress cycle, leaf samples were excised at 2000 h and again 40 h later for the determination of osmotic potential and relative water content. Leaf samples were an aggregate of previously and newly expanded tissue (scales).
Osmotic potential at full turgor was measured using the in situ stem psychrometers in calibration mode. Midway through the watering procedure, three samples of leaf tissue were excised per tree, weighed and rehydrated in distilled water for approximately 12 h at 8--10 °C. Twelve hours were determined to be sufficient time to rehydrate without over-saturating the tissue, based on the evaluation of a time--weight increase curve (data not shown). After rehydration, the samples were weighed, placed in aluminum foil envelopes and then plunged into liquid nitrogen. The samples were stored in a freezer for later determination of osmotic potential. The samples in the foil envelopes were thawed for about 20 min and then squashed in a 5-ml syringe until a few drops of the sap could be placed on a filter paper disk (SS-033 sample discs, Wescor, Logan, Utah) and sealed in the calibration disk holder of a psychrometer. Osmotic potential was measured at 25 °C using a CR7X Datalogger (Campbell Scientific, Edmonton, Alberta) to operate the psychrometers. Because we were only interested in differences among treatments, we accepted the systematic errors in the absolute values of osmotic potential at full turgor resulting from over-estimation due to dilution of symplastic water by apoplastic leaf water. We also ignored potential variations in apoplastic water content among samples; however, the significance of this factor was minimized by the short duration of the experiments and the moderate extent of the water stress conditioning applied. Osmotic potential (OP) data were expressed as the difference in OP (OPD) between treated and control trees.
Relative water content (RWC) was measured on the same leaf tissue as osmotic potential and determined as:
The fresh weight (FW) of the tissue (1 mg) was determined shortly after it was excised from the tree. The saturated weight (SW) was determined after rehydration for 12 h and the dry weight (DW) of the tissue was determined after oven drying at 70 °C for at least 48 h.
Gravimetric determination of transpiration
Transpiration rates were determined by weighing the potted trees. Three trees from each group were placed on balances (Sartorius LC12000 P, Goettingen, Germany), which were interfaced with a computer equipped with multiple serial ports, and their weight loss was automatically recorded every 15 min for the entire experiment. The remaining two trees in each group were weighed once daily.
Transpiration was expressed as grams of water used per gram of leaf dry weight. Leaf dry weight was determined at the end of the study by excising all green leaves and determining oven dry weight after 48 h at 70 °C. Transpiration for a stress cycle was calculated by subtracting the weight at the end of a stress cycle (at 1800 h) from the free-drainage weight determined at the beginning of that stress cycle. Daily transpiration was calculated by determining the amount of water transpired per hour and summing these values for a day.
Environmental conditions
The environmental variables temperature, humidity and photosynthetically active radiation (PAR) were monitored continually by a customized environment control system (Lander Control Systems Inc., Guelph, Ontario). The temperature ranged from 18 to 32 °C, and the relative humidity ranged from 50 to 94%. Supplemental lighting was provided by nine 400-W high pressure sodium vapor lamps (P.L. Lighting, Grimsby, Ont.) to extend the day length to 18 h or when the natural light fell below 300 µmol m −2 s −1
.
Data analysis
Statistical analysis was carried out with SAS statistical software (Cary, North Carolina). Multiple mean comparison tests were used to test for significance when the sampling dates of treatment groups coincided. Protected LSD (least significant differences) tests was used for OPD, RWC, daily transpiration and WPI when sampling times of all groups coincided. Paired t-tests were used for OPD and RWC when sampling times of two groups coincided.
Results

Indicators of water stress conditioning
The mean water potentials exhibited by well-watered control trees and conditioned trees during a typical stress cycle are shown in Figures 1A and 1B . These data display the diurnal fluctuations in water stress conditioning, the overnight recovery from the previous stress cycle and the threshold predawn water potential (Ψ pd ) used to determine the termination of that stress cycle. The average Ψ pd thresholds for mildly and moderately conditioned trees for all stress cycles were −0.95 ± 0.11 and −1.45 ± 0.13 MPa, respectively. The mean Ψ pd of the two control groups was typically −0.35 to −0.45 MPa. The mean WPIs exhibited by the mildly and moderately conditioned trees were −127.0 ± 6.5 and −201.6 ± 8.2 MPa h per stress cycle, respectively. The average WPI values of the well-watered controls for the mild and moderate conditioning treatments were −80.5 ± 2.2 and −107.5 ± 3.6 MPa h per stress cycle, respectively.
Osmotic adjustment and leaf RWC
Before exposure to water stress conditioning, there were no differences in osmotic potential among the four groups of trees (OP was −1.10 to −1.36 MPa). Conditioned trees exhibited significant osmotic adjustment for most sampling dates (P < 0.05) (OP ranged from −1.25 to −1.63 MPa) (Figures 2A and  2B ). The exceptions were mildly conditioned trees on Days 226 and 239 ( Figure 2A ). The OPD decreased after the first stress cycle in both conditioning treatments and then stabilized between −0.15 and −0.2 MPa for the subsequent three or four stress cycles (Figures 2A and 2B ). There was a slight rise in OP following rewatering at the end of each stress cycle (Figures 2A and 2B) . The correlation between OPD and WPI indicated that the moderate conditioning treatment did not cause a proportionally greater degree of osmotic adjustment than the mild conditioning treatment (data not shown).
The largest changes in leaf RWC occurred in response to the first stress cycle ( Figure 3A ). There was a 1.41 and 2.16% drop for mildly and moderately conditioned trees, respectively. Thereafter, leaf RWC of trees in both conditioning treatments did not change appreciably. After 40 h of stress relief, leaf RWC of conditioned trees was similar to that of well-watered control trees ( Figure 3B ).
Transpiration
Transpiration was reduced by water stress conditioning. Mildly and moderately conditioned trees exhibited reductions in cumulative transpiration of approximately 35 and 50%, respectively, following at least two stress cycles. The average transpiration rates per stress cycle were 11.3 ± 2.3 and 16.5 ± 0.7 g g −1 cycle −1 for mildly conditioned trees and their control group, respectively. The corresponding rates for moderately conditioned trees and their control group were 11.7 ± 0.2 and 22.7 ± 1.3 g g −1 cycle −1
, respectively. We examined the relationship between transpiration and water stress conditioning by comparing daily transpiration and daily WPI (cf. Figures 4 and 5) . During the first stress cycle, daily transpiration rates of the conditioned trees gradually became less than those of their respective controls as water stress conditioning increased. The extent of the reduction in transpiration rates increased with successive cycles of water stress conditioning. For the second and subsequent stress cycles, transpiration rates of the conditioned trees were lower than those of the well-watered controls, even at the beginning of a stress cycle when WPIs were similar in the four groups of trees.
Discussion
Osmotic adjustment
Thuja occidentalis exhibited a range of osmotic adjustment from −0.08 to −0.28 MPa. These responses were modest compared to the values of −0.25 to −0.67 MPa observed in mature T. occidentalis trees (Collier and Boyer 1989) . The degree of osmotic adjustment was also less than that reported for other conifers (−0.45 MPa for Pinus taeda L., Seiler and Johnson 1985 ; −0.46 MPa for Picea glauca (Moench) Voss., Buxton et al. 1985) .
After 40 h of stress relief, the osmotic potential of the conditioned trees was lower than that of the control trees, but there were often minimal or no differences in leaf RWC (Figures 3A and 3B ). According to Lecoeur et al. (1992) , reduced osmotic potential in conjunction with recovered leaf RWC is evidence of a net increase in solutes rather than a passive concentration of solutes resulting from the reduction of symplastic water. Thus, we conclude that the changes we observed were attributable to active solute accumulation rather than passive concentration of solutes.
Water stress conditioning and osmotic adjustment
The finding that mildly and moderately conditioned trees generally exhibited similar osmotic potentials does not support the contention that the extent of osmotic adjustment increases with increasing water stress conditioning Jones 1980, Morgan 1984) . Although this phenomenon has been observed in conifers such as Picea mariana (Mill.) BSP. in response to polyethylene-glycol-induced stress (Tan et al. 1992) , Buxton et al. (1985) reported that the osmotic potentials of P. mariana, P. glauca and Pinus banksiana Lamb. were not significantly affected by exposure to PEG solutions lower than −0.4 MPa. Parker and Pallardy (1988) recognized that the rate of soil drying in pots can be too fast for maximum osmotic adjustment to occur; therefore, they repeatedly exposed Quercus spp. trees to a number of cycles of water stress. They presumed that the additive effect of the stress cycles was caused by the solutes not completely dissipating immediately after watering (Morgan 1984) . In T. occidentalis, most osmotic adjustment oc- curred in response to the first cycle of water stress conditioning and the additional stress cycles had little effect on osmotic adjustment (Figures 2A and 2B ).
Water stress conditioning and transpiration rate
We observed that the transpiration rate decreased with successive cycles of nonlethal water stress (Figures 4 and 5) . Several investigators have reported modified stomatal behavior in conditioned plants (Rook 1973 , Buxton et al. 1985 , Seiler and Johnson 1985 , Eakes et al. 1991 . Eakes et al. (1991) with Salvia splendens F. Sellow and Rook (1973) with Pinus radiata D. Don. concluded that conditioned plants only partially opened their stomata and therefore used less water and developed smaller water deficits than unconditioned plants. Bongarten and Teskey (1986) and Teskey et al. (1987) found that leaf conductance of conditioned P. taeda was significantly less than that of nonstressed controls when tested under wellwatered conditions and suggested that conditioning modified either the number of stomata or their function.
Transpiration was depressed in all of the conditioned trees, indicating that the stomata of T. occidentalis were sensitive to water stress conditioning and that closure or partial closure of the stomata occurred even in the mildly conditioned trees (Ψ pd = −0.9 MPa). Several studies have reported that stomatal functioning is disrupted by mild water deficits. For example, Ranney et al. (1991) found that mild water deficit stress (Ψ pd = −0.35 MPa) caused reductions in stomatal conductance in some Betula species. Buxton et al. (1985) found an approximate halving of the transpiration rates of P. mariana and P. glauca in response to mild water deficit stress (PEG 8000, water potential = −0.4 MPa).
Our data indicate that T. occidentalis has a very sensitive stomatal mechanism; however, previous work does not support this contention. Matthes-Sears and Larson (1990) found that diurnal patterns of stomatal conductance (0 to 10 mmol m
) were similar in hydrated (Ψ pd = −0.2 MPa) and mildly stressed (Ψ pd = −0.9 MPa) trees growing in sites of limiting and nonlimiting soil water in southern Ontario. Conflicting data on stomatal functioning within a species are not surprising because stomatal closure is believed to be affected by plant age, stress history, rate of stress development, number of stress cycles and growth conditions (Beadle et al. 1978 , Melzack et al. 1985 .
Plant resistance to water flow
Transpiration was reduced by water-stress conditioning even when the stem water potentials of the conditioned and wellwatered control trees were similar (e.g., during the first day or two of the stress cycles, Figures 4 and 5) . Because the driving forces for water flow in the soil--plant--atmosphere continuum (i.e., water potential gradient and environmental conditions of humidity and temperature) were comparable among the treatments and controls during this period, variations in resistance must account for the differences in transpiration (Kramer 1983 , Nobel 1992 . These include (1) resistance between the root medium and the root surface, (2) plant hydraulic resistance, and (3) stomatal resistance. The first can be discounted because both conditioned and well-watered control trees had similar stem water potentials indicating that the amount of water entering the trees was similar. Variations in hydraulic resistance between conditioned and control trees could have been caused by cavitation (Tyree and Dixon 1986) ; however, this possibility seems unlikely because T. occidentalis can maintain over 95% of its initial conductance at water potentials down to −1.0 MPa and over 50% down to −4.0 MPa (Tyree and Dixon 1986 ). We conclude, therefore, that stomatal resistance is the variable that responds to nonlethal water stress conditioning.
Conclusions
Thuja occidentalis responded to repeated nonlethal water stress conditioning by exhibiting a small degree of osmotic adjustment. This helped maintain turgor and cell volume over a limited range of water status. When water stress conditioning proceeded beyond this limited range, stomatal closure became the chief mechanism for conserving water. The effect of water stress on the mechanisms controlling stomatal aperture persisted during recovery from water stress conditioning. These findings confirm those of Munns (1988) who reported that species exhibiting reduced transpiration rates in response to drought show little capacity to adjust osmotically. The implication is that the plant makes full use of water when it is abundant, but forestalls significant drought injury by coupling a sensitive stomatal response to water stress with a high cuticular resistance to water loss. Although extended stomatal closure in response to water stress limits net carbon gain, the persistence on xeric sites of plants displaying this behavior testifies to the effectiveness of the strategy.
